In this issue of Neuron, Konopka et al. (2012) describe their comparison of transcriptomes from frontal pole, caudate nucleus, and hippocampus of multiple adult humans, chimpanzees, and rhesus monkeys. The data provide an initial opportunity for linking genomic and brain differences among these primate species.
The human brain sets us apart from other animals because of its large size and extraordinary intellectual capability. The last two million years have seen a rapid enlargement of the hominin brain, achieving in modern humans a size about three times larger than that of chimpanzees (Pan troglodytes) and over ten times the size of the brain of the rhesus monkey, Macaca mulatta. In particular, the human frontal cortex, which is thought to be involved in higher mental functions, is disproportionately enlarged compared to lesser apes and monkeys, but not to other great apes (Semendeferi et al., 2002) . Explaining the evolution of these size and cognitive differences among primates has preoccupied neuroscientists over many decades and has begun to catch the attention of genome biologists.
Comparative neuroanatomy and comparative genomics have recently joined forces in a quest to explain brain evolution in terms of differences in the transcriptional activity of particular genes. The contribution from Konopka et al. (2012) in this issue of Neuron is thus part of a growing body of work that seeks to define which brain regions, and which genes, have contributed most to human cognition. In pursuit of this quest, neuroscientists and genome biologists alike will have to distinguish from among many anatomical and DNA sequence changes the few that underlie the ascendancy of the human brain. Konopka et al. (2012) used 3 0 digital gene expression (DGE) and microarray technologies to profile each transcriptome (the set of all RNA molecules) of human, chimpanzee, or macaque frontal pole, caudate nucleus, or hippocampus. At least four individuals per species were investigated, with two to three times more males sampled than females. Before discussing the advantages of these techniques, it is important also to recognize their limitations. Both approaches are restricted to polyadenylated RNAs and to protein-coding mRNAs and could not fully explore the relative levels of alternatively spliced transcripts. The DGE method also required 4,869 genes to be discarded since these are without a site for the DpnII restriction enzyme for any of the three species. Finally, it needs to be recognized that levels of transcripts and proteins tend to be only modestly correlated, if at all (Ghazalpour et al., 2011) , and thus that conclusions based on transcript abundance may not be translated to the protein level.
The DGE approach employed two to three million 20 bp tags from the 3 0 of transcripts per sample that were mapped to gene models within reference genome assemblies. Not surprisingly, perhaps, the DGE method, which is based on the Illumina GAIIx next-generation sequencing technology, outperforms two microarray technologies, capturing more genes, more differentially expressed genes, and more conserved modules (defined below). Konopka et al. (2012) thus concentrate on the DGE results. Babbitt et al. (2010) previously applied DGE to frontal cortex samples from three humans, three chimpanzees, and three macaques, and their lists of genes that were differentially expressed between human and chimpanzee are similar to those identified by Konopka et al. (2012) .
The first major findings of Konopka et al. (2012) are that genes that are differentially expressed in human, with respect to the other two species, are more numerous for the frontal pole than they are for the other two brain regions and that this bias is not observed for the frontal pole samples of chimpanzee or macaque. In the human frontal pole samples, 1,450 genes are differentially expressed, and Konopka et al. (2012) make mention of 23 that contribute to a variety of neurobiological processes, such as neuron maturation and neurotrophin signaling.
Further advances from this study arose from Konopka et al. (2012) 's analyses of gene coexpression networks derived from the three brain regions of the three primates. These networks are constructed from genes whose expression levels are correlated (either positively or negatively) among these samples, with genes that are more highly correlated being more closely neighboring in the network (Oldham et al., 2006) . In these experiments, each gene expression level is the sum of its transcripts' abundances in all cells of each sample. There are two explanations for why two gene expression levels may be positively correlated across samples. First, they may be correlated because genes that act in the same cellular process are expressed coordinately in cells or, second, they may be correlated because the samples contain similar fractions of cell types each with its own characteristic transcriptome. When considering this study's results, it will be important to consider that its results are unable to distinguish between these two explanations.
By judicious pruning of networks, Konopka et al. (2012) define modules that each contain genes with highly correlated levels and that each have an eigengene, an expression profile that best represents the module. Whether modules are preserved across species or across brain regions is then tested by comparing their eigengenes. The human coexpression data were summarized by 42 modules: 15 frontal pole modules, 6 caudate nucleus modules, 2 hippocampus modules, and a further 19 modules that were not representative of a specific brain region. The chimpanzee data and macaque data produced similar numbers of modules (34 and 39, respectively). We will briefly describe an exemplary module in order to present the challenges faced by Konopka et al. (2012) in explaining these modules in molecular and cellular terms. This will be a human caudate nucleus module given the colorful name ''Hs_brown.'' As this is one of only four modules that exhibit relatively high levels of preservation in the caudate nucleus of both chimpanzee and macaque, it appears to capture genes whose expression levels are characteristic of this brain region in all three primates.
To explore the biological meaning of Hs_brown, Konopka et al. (2012) inspected hub genes, those that exhibit the highest interconnectivity in this module. The set of such genes included five whose proteins are characteristic of mouse dopamine Drd1 or Drd2 receptor striatal neurons and a further four genes that are involved in regulation of G protein-coupled receptor protein signaling. These nine genes are, however, only a small fraction of this module's complete set of 232 genes. Thus, although the characteristic biology of the Hs_brown module clearly includes contributions from genes whose expression is characteristic of striatal neurons and that encode signaling regulators, these features are far from being explanatory of the complete module.
Of the 15 human frontal pole modules, approximately half (53%) are human specific, whereas the equivalent fractions in chimpanzee or macaque are smaller (43% and 17%, respectively). This is interpreted as reflecting increased transcriptional complexity in human frontal pole. However, as we explain above, these results may also reflect human-specific differences in cell type populations in the frontal pole. For example, the known higher proportion of white matter in the prefrontal cortex (Schoenemann et al., 2005) may explain some of the differential gene expression observed for the human frontal lobe. Figure 1 illustrates how measured differences in expression of three genes (A, B, and C) for human, chimpanzee, and macaque can be caused either by changes in transcript abundance in two cell types (square or circle; scenario 1) or by changes in cell type populations, including the inclusion of additional cell types in chimpanzee (rhombus) and macaque (teardrop) (scenario 2).
Several human-specific modules contained hub genes whose protein sequences exhibited some evidence of accelerated evolution. This might indicate that gene expression change has occurred concomitantly with elevated protein evolution. However, these predictions will need to be treated with caution. Human and chimpanzee sequences differ at only a small fraction of sites, and thus statistical fluctuations can give rise to an apparently elevated rate of amino acid changing substitutions that do not reflect past episodes of adaptive evolution.
A second module (Hs_orange; 133 genes) is significantly enriched, using single statistical tests, with seven genes that have been implicated in neuropsychiatric disorders including schizophrenia. Visualization of this module suggested a possible central role for CLOCK, a circadian rhythm gene, in this human-specific frontal pole module. As a heterodimer with BMAL1, CLOCK functions as part of a core transcriptional-translational feedback loop that drives rhythmic expression as well as acting as a histone acetyltransferase in its own right. Enhanced expression of CLOCK in humans over chimpanzees in the frontal pole, as suggested by some limited immunohistochemistry, could underlie the enrichment of genes in this module. Konopka et al. (2012) state that other known circadian rhythm genes are not part of this module, suggesting that, in this network at least, the potentially important confound of time of death was not involved. It is, however, intriguing that disruption in circadian rhythms, as characterized by abnormal sleep/wake patterns, is being recognized as an important prodromal symptom of human neuropsychiatric disorders (Wulff et al., 2010) . Furthermore, CLOCK itself has been linked to schizophrenia in humans (Dueck et al., 2012) and the phenotype of a mouse CLOCK mutant is reminiscent of the manic episodes observed in bipolar disorder (Roybal et al., 2007) . It is certainly of value to consider how enhanced cognitive abilities and neuroanatomical complexity in humans may relate to the etiology of these 
. Evolution of Gene Expression Levels and Cell Type Populations
Either of two evolutionary scenarios can account for the measured expression levels of three genes-A (blue), B (red), and C (green)-in populations of different cell types (square, circle, rhombus, or teardrop) in three species, namely, human, chimpanzee, and macaque. Total numbers of transcripts, which are constant across both scenarios, are represented in bar charts and in the numbers of colored wavy lines. The abundance of a transcript in a cell population can change due to the evolution in transcript abundance in individual cell types (scenario 1) and/or due to changes in the relative amounts of different cell types (scenario 2). disorders, although there is some contention concerning how to quantify experimentally the psychological specialization of humans over other primate species. Konopka et al. (2012) then focused on a third module (Hs_olivedrab2), part of a coexpression network derived from aligning reads to exons rather than to gene models. Genes in this module exhibit greater connectivity in human, compared with chimpanzee or macaque, despite human and chimpanzee showing more similar gene expression levels. Konopka et al. (2012) speculate that these results may reflect human-specific functional properties of these genes. One of the most differentially connected of these genes in this module is the fork-head transcription factor FOXP2. This gene is of particular interest due to its accelerated evolution and connections to speech and language acquisition in humans (Fisher and Scharff, 2009 ), a well-grounded specialization of the human brain. Hundreds of potential FOXP2 transcriptional regulatory targets, including those that are proposed to be human specific, have been identified from several independent chromatin-immunoprecipitation studies from different neuronal populations. Interestingly, these target genes are enriched in the human-specific frontal pole coexpression network.
Using microarray analysis of human neuronal progenitors in which endogenous FOXP2 levels were manipulated (at least 100-fold overexpression or over 30-fold knockdown) Konopka et al. (2012) identify a significant number of differentially expressed genes involved in neurite outgrowth in the same network. Taken together, these data suggest that there may be evolutionarily significant transcriptional networks related to FOXP2 in the cerebral cortex. However, the spatiotemporal expression profile of FOXP2 must also be considered if we are to understand the relevance of these results to neurodevelopment; analysis of earlier time points will be important for a better understanding of pathways that generate humanspecific phenotypes. Recent work indicates that the regulation of neuronal growth and plasticity may be a key function of FOXP2 and work in rodents has rightly focused on regions of the brain, such as the striatum and the cerebellum, where expression is more pronounced during neurodevelopment (Vernes et al., 2011) . Indeed, it is noteworthy that Foxp2 expression in macaques declines rapidly in the striatum after 2 years of age (Takahashi et al., 2008) . It is also notoriously challenging to corroborate transcription factor targets by artificial expression manipulation in vitro; therefore, the specificity of FOXP2 action requires further investigation, as targets are likely to be regulated by multiple factors.
This study, using the DGE approach, has provided additional insight into human brain and gene evolution. Further advances are expected soon, driven principally by rapid improvements in genome sequencing technologies. Plummeting sequencing costs are likely to permit complete sets of full-length transcripts to be sequenced soon from many more individuals of both sexes from among many primates. These transcriptomes should include those that are most informative of recent hominid evolution, namely chimpanzees (including bonobos), orangutans, and gorillas. Brain samples will need to be sampled over the course of ontogenesis, as has already been done, using microarrays for the human prefrontal cortex (Colantuoni et al., 2011 ). When such crossspecies comparisons are made, it is now clear that these should be matched according to neurodevelopmental stage, rather than to age, to account for shifts in developmental timing (Liu et al., 2012) . RNA species that are not polyadenylated, as well as antisense and other long noncoding RNAs, will also need to be investigated. Furthermore, RNA levels not just from brain regions, but from cell populations and even from single cells of these regions, should be determined. The first steps toward such a fine-scale transcriptomic dissection of the human brain have recently been taken by S.G.N. Grant et al. (personal communication) , who have sampled, using microarrays, the transcriptomes from over 900 anatomically defined human brain sites (S.G.N. Grant et al., personal communication) . Deep coverage RNA-Seq has already revealed substantial differences in transcript expression levels and identified differentially expressed alternatively spliced transcripts across adjacent cell layers of the mouse neocortex (Belgard et al., 2011) . Importantly, single cell transcriptomes obtained from equivalent cell types of humans and other great apes would separate the evolution of cellular transcript levels from the evolution of cell type populations (Figure 1) . It is hoped that the rapidly increasing volume of brain gene expression data will trigger the development of new approaches that accurately predict and model the molecular, cellular, and microcircuit biology that distinguishes the human brain.
